Cultures of dog kidney cells were infected with canine distemper virus at an input multiplicity of I'9 and the subsequent events followed by electron microscopy, conventional staining methods and virus titration. Maturation and release of virus commenced within 24 hr of infection and was a slow but prolonged process, the infected cell producing small amounts of virus for at least 48 hr. After formation in cytoplasmic loci, often perinuclear, the virus nucleocapsid migrated to the cell membrane, below which it adopted a symmetrical configuration, the cell membrane at the same time acquiring a layer of fine surface projections. Maturation of virus then occurred by a protrusion and pinching off of these areas. Cytoplasmic aggregates of nucleocapsid were not detected by light microscopy. The characteristic phloxinophilic cytoplasmic inclusions, which appeared between 24 and 48 hr after infection, did not stain with acridine orange. Some consisted of a mass of amorphous electron-dense material and others of nucleocapsid-like filaments enmeshed in an electron-dense matrix but all contained a number of pockets in which membrane-bound vacuoles and tubules were prominent.
INTRODUCTION
Although much has recently been written on the morphogenesis of measles virus (Nakai & Imagawa, I969; Nakai, Shand & Howatson, I969; Raine et al. x969) , relatively little is known about the replication of the closely-related canine distemper virus. The only ultrastructural studies so far reported are those of Lawn (I97o) who examined the chorioallantoic membrane of chick embryos six days after inoculation with egg-adapted canine distemper virus and Koestner & Long 097o) who described three partially overlapping phases of infection in explant cultures of canine cerebellum. Since the titre of virus used by the latter workers was only Io 3 TCD5o/ml., multiple cycles of virus replication may have occurred. The times at which the various ultrastructural changes were first detected -the 7th day for cytoplasmic aggregates of virus nucleocapsid and the I4th day for budding virus particlestherefore provide no information as to the times at which these events occur in the individual infected cell. This problem is not easily resolvable, for it is very difficult to obtain sufficient concentrations of virus to infect cells under one-step conditions. We report here the electronmicroscopic findings in cells infected with canine distemper virus at an input multiplicity of 1.9, together with the cytological changes seen by light microscopy and the titres of infective virus produced.
Tissue culture. A continuous cell line derived from a canine kidney (MDCK) was obtained from Flow Laboratories, Ltd, Victoria Park, Irvine, Ayrshire. Growth medium consisted of Earle's solution with o'25 ~ lactalbumin hydrolysate and Io % foetal bovine serum. The suitability of these cells for the growth of canine distemper virus has already been discussed by Cornwell et al. (J97o) .
Virus. The investigation was made with the GLASGOW 84I strain of'drus, the isolation of which was described by Cornwell et al. (1965) . After i7 passages in ferret kidney tissue culture, with four interpolated passages in ferrets, it was passaged four times in secondary dog kidney cultures and twice in MDCK cells.
Since infectivity titres rarely exceeded r o 4~ TCD/5o ml., and approximately I o 78 dog kidney cells were required for the investigation, it was necessary to grow the virus in bulk and concentrate it by ultracentrifugation. For this purpose, four further passages were made in the cells, each employing a greater number of cells and more virus than the previous one. In the last of these, 1.2 x ios cells were infected in suspension with 65 ml. of virus having a titre of ~o 5"5 TCD 5o/ml. and transferred into four Roux flasks. A cytopathic effect appeared on the third day after infection and spread rapidly during the succeeding 24 hr, the virus being harvested at the end of this period and concentrated as follows. The remaining cells were scraped off the glass surface, resuspended in their growth medium and sedimented by centrifugation at m,ooo rev/min, for Io min. in the SW-25 rotor of a Spinco L2-65 preparative ultracentrifuge. Both supernatant fluid and cells were retained. The supernatant fluid was then centrifuged at 2o,ooo rev/min, for 2 hr in the same rotor and the resulting pellets were resuspended in 3 ml. of ]Earle's solution with 5o ~ foetal bovine serum (Fraction I). The sedimented cells were resuspended in 3 ml. of the above medium and subjected to four cycles of rapid freezing and thawing with a dry ice acetone mixture. They were then resedimented by centrifugation and the supernatant fluid collected (Fraction 2). Fractions ~ and 2were then combined to form the inoculum for the experiment.
Experimental procedure. Monolayers of dog kidney cells were dispersed with a mixture of O'I2 ~o trypsin and 0"02 ~o versene in phosphate-buffered saline and 4"5 x lO 7 cells were then resuspended in 5'5 ml. of virus (titre Io 72 TCD5o/ml.) and the volume made up to 8o ml. with growth medium. Five ml. of this were dispersed into each of sixteen 5o mm. Petri dishes, four of which contained coverslips. These were incubated at 37 ° and harvested at 24-hr intervals for light microscopy, electron microscopy and infectivity assay. Light microscopy. Coverslips were divided into two groups, one being fixed in corrosiveformol for 24 hr and stained with haemalum-phloxin-tartrazine and the other fixed in acetone for Io min. and stained with acridine orange. Electron microscopy. At each of the sampling times, cells were scraped from two dishes, resuspended in their original growth medium, sedimented by centrifugation at I,OOO rev./min. for 5 min. in an MSE refrigerated centrifuge and fixed in I ml. of ~ ~ osmic acid for I hr. Following dehydration through a series of graded alcohols, the cells were embedded in araldite, sectioned at 5oo A with an LKB type 3 ultramicrotome, stained with uranyl acetate and lead citrate and examined in an AEI-6B electron microscope at instrumental magnifications of m,ooo to 3o,ooo. Infectivity titration. At each sampling time, the fluid was removed from one culture for subsequent titration and the cell sheet washed twice with Earle's solution. The cells were then resuspended in 5 ml. of Earle's medium containing o.25 ~ lactalbumin hydrolysate and 2 ~ foetal bovine serum and frozen and thawed once. Infective virus was assayed by the quantal response in secondary dog kidney cultures, four tubes being used per tenfold dilution of virus. Diluent consisted of Earle's solution with 0.25 ~ lactalbumin hydrolysate °/foetal bovine serum. The inoculum was replaced by the same medium after 3 days and 2/o and subsequent changes of medium were made twice weekly. The tubes were examined microscopically on the I4th day after inoculation and the 5o ~o end-points were calculated by the method of Karber 0931).
R E S U L T S

Light microscopy
Phloxinophilic cytoplasmic inclusion bodies appeared between the 24th and 48th hr and, by the latter time, were present in approximately 8o ~ of the cells (226 out of the first 280 cells counted contained inclusions). These inclusions failed to stain with acridine orange and were thus visible by negative contrast as dark vesicles. A few small syncytia, containing up to eight nuclei, were also present at this time. The number of syncytia rapidly increased during the succeeding 24 hr so that by 72 hr after infection the vast majority of cells were multinucleate. Most contained only 3 to 8 nuclei but occasionally as many as 3 ° were present. Swollen balloon-like syncytia were also visible at this time, both in the cell sheet and floating in the culture fluid. Observation was terminated 96 hr after infection, by which time many of the syncytia had detached from the glass.
Electron microscopy
Three stages were recognized in the production and assembly of the main morphological components of canine distemper virus. They were formation of virus nucleocapsid in cytoplasmic foci; alignment of nucleocapsid below the cell membrane; and maturation of virus particles by the budding of cell membrane with its associated nucleocapsid. Since all three events were observed at each of the sampling times, virus replication appeared to be a continuous process, the individual cell producing virus for 36 to 48 hr before its incorporation within a syncytium.
By 24 hr after infection at least one aggregate of randomly arranged filaments was present within the cytoplasm of almost all cells examined, the filaments being indistinguishable from those forming the nucleocapsid of the particle (see below). Transverse as well as longitudinally sectioned filaments were recognized in each aggregate, a short length of filament sometimes being seen in both planes as a result of an abrupt change in its orientation. In thin sections, the filaments appeared as sharply delineated cylindrical structures, composed of an electrondense membrane 12 to I5 rim. in diameter, surrounding an electron transparent axial 'core' Filaments occurred either in relatively compact groups, often close to the nucleus, or in less dense clusters of irregular shape (Fig. 2) . N e a r the cell surface, however, filaments were generally sparsely distributed (Fig. 2, 3 a) , though irregularly shaped groups did occasionally occur (Fig. 3 b) . From 48 hr onwards many of the filamentous aggregates also contained short tubular or sac like structures 25 to 4o nm. in diameter and bounded by a double membrane (Fig. 4) . Numerous discrete inclusions were also found during the 48 to 96 hr period, some consisting of a compact mass of amorphous electron dense material and others of nucleocapsid-like filaments invested in an ill-defined electron-dense sheath, but all containing a number of electron transparent pockets. Tubules and sac-like structures, identical to those described above, were present in the pockets as well as at the periphery of these inclusions (Fig. 5) The earliest recognizable stage in the maturation of virus was a symmetrical alignment of nucleocapsid below the cell membrane, which occurred in microvilli (Fig. 3 a) as well as in regions of normal contour (Fig. 6a, 6b) . The actual configuration adopted was not determined but parallel bands of nucleocapsid 45 to 74 nm. apart, were often observed in tangential sections of microvilli, while a row of cross sections spaced at the same interval was frequently found below the cell membrane. In some instances, several rows of cross sections were seen, one above the other (Fig. 6b) , but generally only a single row was visible (Fig.  3a, 6a) . In these areas a layer of fine projections I5 to 2o nm. in depth could be observed on the outer surface of the cell membrane. The projections often appeared in tufts. Virus maturation occurred by protrusion and pinching off of these areas.
At each of the sampling times, numerous virus particles were seen budding from the cell surface or lying free outside but close to the cell membrane. Circular or elliptical in outline and varying from ~8o nm. to 37o nm. in diameter, they could readily be identified by their envelope, with its layer of brush-like projections I5 to 2o nm. in depth, and by filamentous IP: 54.70.40.11
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287 nucleocapsid arranged in annular or helical form round the inner surface of the envelope. Thus, in particles sectioned tangentially, the nucleocapsid appeared as a number of parallel bands crossing the surface of the particle (Fig. 7) ; those cut transversely had a clock-face appearance, the circular cross sections of the nucleocapsid being spaced at regular intervals round the inside of the envelope (Fig. 6b, 7) . In both, adjacent filaments were 45 to 75 nm. apart, centre to centre. The 'core' appeared to consist of normal cytoplasmic constituents (Fig. 6b) , although strands of nucleocapsid could sometimes be identified therein. From 48 hr after infection masses of electron-dense filaments approximately 25 nm. in diameter were found below the cell membrane, often in microvilli (Fig. 8) . Occasionally, typical cross sections of nucleocapsid were seen within these convoluted masses, but in no instance were brush-like projections seen on the overlying cell membrane, nor was there any evidence of alignment. Dense knots of filaments surrounded by cell membrane were frequently found beyond the cell surface, but since the latter was often highly villous at this stage, these structures may merely have represented cross sections of filament containing villi. H.J. C. CORNWELL AND OTHERS
Infectivity titres
Cell-associated virus increased rapidly during the first 24 hr, fell sharply over the succeeding 24 hr and then slowly declined. The concentration of infective virus in the culture m e d i u m rose more slowly but, by 48 hr after infection, had reached the same level as that of the cellassociated virus (Table I) . Although the cytopathic effect of canine distemper virus has been described by many workers (Rockborn, 1958; Vantsis, I959; Bittle, York & Newberne, 1961 ; Shaver, Bussell & Barron, 1964; Bussell & Karzon, I965; Shishido et al. I967; Harrison, Smith & Graydon, ~968) , little is known about the length of the virus growth cycle and of the times at which the various cytological changes occur. This has largely been due to the difficulty of obtaining Fig. 7 . Typical cluster of virus particles or virus buds adjacent to a cell membrane. Note the cross sections of nucleocapsid spaced at regular intervals round the inside of the envelope.
sufficient virus to infect the requisite number of cells under one-step conditions. In our investigation cells were infected at an input multiplicity of 1.9 which, at maximum plating efficiency, is sufficient to allow an infection rate of 85 ~ in the first cycle (Poisson distribution.) That this rate was approached, if not attained, is supported by the observation that, although cytoplasmic inclusions were totally absent z4 hr after infection, they were found in approximately 8o ~ of the cells at 48 hr. Maturation of virus commenced within 24 hr of infection and continued for at least 48 hr, the rate falling off rapidly between 24 and 48 hr after infection and more slowly thereafter. The titre of cell-associated virus thus varied from a mean of around 6 TCD 5o/cell at 24 hr to o-6 TCD5o/cell at 48 hr and o.I/cell at 96 hr, while that of free infective virus never apparently exceeded o.6 TCD 5o/cell. Thus, although the half-life of canine distemper virus at 37 ° is only I to 3 hr (Bussell & Karzon, 1962 ) , the average rate of release must also have been low, certainly not greater than I TCD 5o/cell/hr. These figures explain why, at low multiplicities of infection, cytopathic changes spread slowly and yields of virus tend to be very low, extension of infection being balanced by the destruction of already-infected cells.
The ultrastructural findings basically resembled those described by Nakai & Imagawa (1969) and others for measles and by Koestner & Long (197o) and Lawn (197o) for distemper, but the intranuclear arrays of nucleocapsid characteristic of measles virus infection and sometimes found in distemper (Koestner & Long, I97o) were not present. In both measles and distemper, considerable uncertainty still exists as to the nature of the cytoplasmic inclusion bodies demonstrable with acid stains, such as eosin and phloxin. The situation is further confused by the failure of authors to define the term ' cytoplasmic inclusion'. Nakai & lmagawa (i969), Koestner & Long (I97O) and Lawn 097o) applied the term to the aggregates of virus nucleocapsid seen by electron microscopy but did not state whether or not these were the same as the inclusions seen by light microscopy. Yamanouchi et al. (197o) described the staining of canine distemper virus 'cytoplasmic inclusions' by immunofluorescence but did not, apparently, attempt to correlate these structures with those observable by other techniques. Toyoshima et al. 096o), however, reported that measles virus cytoplasmic inclusions seen early in infection were eosinophilic, stained more brightly with acridine orange than did the surrounding cytoplasm and were visible by immunofluorescence as discrete bodies. As the inclusion enlarged, its staining reaction with acridine orange diminished and antigen became diffusely distributed throughout the cytoplasm. On the basis of these findings, Toyoshima et aL concluded that the large cytoplasmic inclusions seen in the later stages of infection are not concentrations either of virus antigen or of nucleic acid. This opinion is supported by our results. The typical phloxinophilic cytoplasmic inclusions did not appear until after virus production had been fully established and their lack of staining reaction with acridine orange showed that they were devoid of RNA. In size, shape, perinuclear position, and time of appearance they corresponded to the discrete electrondense bodies revealed by electron microscopy. However, the latter structures are probably derived from the aggregates of nucleocapsid, and their formation possibly represents an active attempt on the part of the cell to destroy or sequester the virus filaments. This hypothesis is supported by the finding of inclusions containing recognizable nucleocapsid ensheathed in electron-dense material -these possibly representing intermediate stages -and by the presence of tubules and membrane-bound vacuoles, not only within aggregates of filaments but also in pockets within the inclusions. Although the identity of the tubules and vacuoles was not ascertained, their structure suggested that they may have had a secretory role; their function may have been to introduce enzymes or other substances into the area, the deposition of electron-dense material perhaps occurring as a consequence of that. The significance of the coarse, electron-dense filaments found in or near microvilli from 48 hr onwards is likewise unknown, but they may have represented altered nucleocapsid in process of extrusion.
Further studies are in progress to determine the sequence of events during the first 24 hr of the growth cycle.
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